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FOREWORD

The TCAS System Safety study was initiated within the TCAS Program
of the Federal Aviation Administration (FAA) shortly after the Third
TCAS Symposium as a means for formalizing several ongoing analyses
of TCAS performance and to address specific safety concerns voiced
by the aviation community. Five reviews of study progress were held
at FAA Headquarters during the 10-month study period in whict a
broad spectrum of the aviation community participated. This
participation was very helpful in providing feedback to the study
team from the prospective user community and also to assure that all
major topics of interest were considered.

The study team, headed by the MITRE Corporation, developed a
comprehensive methodology for the analyses of TCAS safety in
addition to providing a quantitative evaluation of TCAS
performance. The sensitivity analysis conducted as part of the
overall study is of particular importance since this analysis
clearly delineates the effect of system parameter modification upon
system safety. Specifically, it is shown that increasing the TCAS
logic parameter, ALIM, by less than 20 percent at the lower altitude
bands reduced the effects of altimetry error by approximately 50
percent. On the basis of this analysis, the ALIM values specified
for the TCAS Minimum Operational Performance Standards (MOPS) were
modified accordingly.

In the near future a new study will be conducted to extend the
safety study results for air carrier flight in Instrument
Meteorological Conditions (IMC). This study will assess the safety
of TCAS usage in controlled airspace in which virtually all
participants are operating under Instrument Flight Rules (IFR), and
will consider the effects of relative geometry and dynamics,
operational factors and other pertinent parameters affecting the
utilization of TCAS in this flight regime.

Joe Fee, Director
TCAS System Safety Study
11/10/83
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EXECUTIVE SUMMARY

1. Iatroduction

This report describes a System Safety study, which was conducted to
assess the overall safety characteristics associated with use of the
Minimum TCAS II airborne collision avoidance system. Emphasis has
been placed on principal limitations and fallure mechanisms. The
System Safety study, an overall assessment of the interrelation of
avionics, the pilots, and the air traffic advisory system, uses the
"fault tree"” technique to structure a "top down" analytical

approach.
The TCAS system 1s a cooperative one in that information oa the
intruder is obtained by interrogating its ATC transponder and then
predicting whether the aircraft will approach too closely within the
next half-minute. The system must consider the following basic
limitations:

® Lack of universal Mode C equipage

® Errors in reported altimetry

® Susceptibility to being deceived by an intruder's sudden

maneuver
In addition, the internal failure mechanisms treated are as follows:
e The surveillance function of TCAS
® Bit errors in the intruder's transponder reply of altitude

® Avionics failures
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A related mode of failure includes pilot errors in using a normally

performing TCAS. All of these events are evaluated in this System

Safety study.

For the purpose of the study, these limitations and failure
mechanisms are those faults which could result in a near midair
collision (NMAC). An NMAC is defined here as an encounter for
which, at the closest point of approach, the vertical separation is
less than 100 ft and the horizontal separation is less than 500 ft.

In a TCAS II environment NMACs cam occur in either of two ways: the
alrcraft can be on near collision course and TCAS II fails to
provide resolution (the unresolved NMAC); or the aircraft can be in
close proximity and TCAS II can induce a maneuver which degrades
vertical separation to the extent that an NMAC occurs (the induced
NMAC).

To evaluate the relative effect of TCAS on System Safety, a term
called "Risk Ratio"” is defined and computed using real-world data.
This factor is the risk of encountering an NMAC when equipped with
TCAS, relative to the risk when not so equipped. Using the NMAC as
a defined failure condition provides a quantitative measure for
calculations; using the Risk Ratio places the calculations of System
Safety on a direct comparative basis. A framework for combining
these probablilities is provided by a formal fault tree analysis of
the events which, in combination, could lead to an NMAC.

Succeeding sections deal with the conduct of the study itself. The
results are summarized in Section 9 and the conclusions are given in
Section 10.
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........
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2. Overview of Minimum TCAS II
The minimum TCAS II uses active interrogation of ATC transponders to

track nearby aircraft in slant range and relative altitude; it uses
these to assess the collision threat potential and to generate
appropriate collision avoidance advisories. It provides the pilot
with Traffic Advisories (TAs) and with Resolution Advisories (RAs).
In collision encounters, the system design assures that the TA
normally occurs approximately 15 seconds before the RA. The TA can
be presented, perhaps on a weather radar CRT display, in a graphical
format which provides the range, bearing, and relative altitude of

the potential thfeat.

As an option, non-Mode C ailrcraft may also be tracked. If an
intruding aircraft is not reporting altitude through its
transponder, it is not possible to determine if the aircraft is a
potential collision threat. Therefore, for intruders not equipped
with altitude reporting, TCAS II may generate TAs but will not
generate RAs, However, if the aircraft were on near collision

course, such TAs would enhance visual acquisitionmn.

An aircraft is declared to be a collision threat to the TCAS
aircraft if its current position, or its projected positionm,
simultaneously violate range and relative altitude criteria.
Generally, an aircraft will be declared to be a collision threat
20~-30 seconds before closest approach, at which time an RA is
displayed. This provides time for an escape maneuver by the pilot.

The RA (e.g., Climb, Descend, Don't Climb, etc.) is chosen to
provide a spacific margin of separation with a minimum change in the
exlisting flight path of the TCAS II aircraft. The minimum TCAS II

utilizes maneuvers in the vertical plane only.
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3. TCAS Environment

To characterize the environment of the average air carrier with

TCAS, the following sources of data are used:
® Incident reports on NMACs collected by the FAA

® TCAS data as recorded on Piedmont Airlines operational
flights

® TCAS operations as recorded on the FAA B727 aircraft in
flights at Atlantic City, Washington, and Chicago.

Each of these data sources are examined, and cross checked, to
obtain some measure of the probability of various events in the
fault tree. The major findings from this investigation are the
following:

® Bright daylight conditions occurred for 70 percent of the
NMAC incidents. Visual acquisition will be conservatively

assumed to be impossible for all other conditioms.

@ Instrument Meteorological Conditions (IMC) occurred for less
than 16 percent of the NMAC incidents.

® The other aircraft in an NMAC incidenf report is equipped
with a transponder in 92 percent of the cases. Of these, 66
percent are also equipped with Mode C (i.e., 61 percent of
the threats have Mode C altitude reporting transponders).
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® The distribution of conflicting aircraft in relative '

€

altitude at the closest point of approach is approximately

e
X

uniform over a wide range of relative altitudes. This

important result is used in the analyses. It was observed 1
in the Piedmont flights, both for the RAs, and for the TAs; J
it was observed for all tracks recorded on flights with the
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FAA aircraft in the vicinity of Chicago, as well as
Washington.

® Data was obtained for the distribution of altitude rates and
the probabillity of a level-off maneuver. These enable a
calculation of the susceptibility of TCAS being deceived by

a sudden maneuver of a threat aircraft.

® The current risk of encountering an NMAC is estimated as 1
in 100,000 hours. This value is recognized as being
approximate; it is roughly sustained by four different
estimates. The principal analysis, however, 1s independent

of this value, a relative comparison is obtained instead.

4. Principal Limitations
As a step in determining the probabilities of various events in the

fault tree, estimates are made independently of the relative
probability (Risk Ratio) of (1) the intruder being Mode C equipped,
(2) of having excessive altimetry error, and (3) of making a sudden

contrary maneuver.

Mode C Equipage
Since it was found that about 61 percent of the intruders involved

|

in an NMAC were equipped for Mode C altitude reporting, that B
represents the maximum benefit that the TCAS RA could provide in p
Y
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today's environment. That is, at best, 61 percent of the current
NMACs could be avoided with today's level of equipage. However, a
large fraction of aircraft involved in NMACs hav: transponders (92
percent), even if they do not have Mode C. If the non-Mode C
tracking feature were available in TCAS, "altitude unknown” TAs
could be provided. If the intruder is really on a near collision
course, this feature, patterned after the ATC practice of announcing

traffic of concern, should be helpful in alerting the TCAS pilot.

Altimetry Errors

The vertical separation between two conflicting aircraft is measured
as the difference between own altitude and that of the intruder's
altitude as reported in his Mode C reply. The TCAS aircraft is
required to have relatively high accuracy altimetry, as is commonly
found on air carrier aircraft; an intruding general aviation
aircraft might have lower accuracy. The magnitudes of these errors

are assessed and used in the calculations.

Errors in altimetry can cause two types of effects: first, if the
aircraft are on a near collision course, errors could indicate safe
passage, and so the impending NMAC would be unresolved; second, if
the aircraft were almost on a near collision course, but were
separated in altitude, errors could lead to making a maneuver which
would lead to inducing an NMAC. These two effects are evaluated
relative to the risk of encountering the NMAC without TCAS. Only
some combinations of altimetry error and actual physical position
can lead to these failures. The collision avoidance logic has
various parameters designed to tolerate some degree of altimetry

error, the principal parameter being ALIM, the nominal separation

that TCAS tries to ensure. If the error is significantly less than
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ALIM, the TCAS aircraft will maneuver through the error and be
clear. If the error is nearly ALIM or more, the choice of maneuver

can be wrong.

The Risk Ratio is calculated by identifying those combinations of
altimetry error and geometrical position that could lead to an NMAC,
and then weighting those combinations by their probabilities of
occurrence. Geometrical position, as noted earlier, was found to be
uniformly distributed; altimetry error is assumed normally
(Gaussian) distributed. The result is then normalized to the

probability of a pre-existing NMAC to obtain the Risk Ratio.

During the course of the study, it appeared desirable and convenient
to obtain a substantial improvement by a modest change to the
parameter ALIM at low altitudes. Making this change and assuming
all intruders to have general aviation quality altimetry
(uncorrected for static source error), the Risk Ratio, weighted to
account for altitude distribution is 3.1 percent, as shown in

Table 1. The meaning of this is that, if all aircraft in near
encounters had that altimetry error characteristic, and any
resulting Resolution Advisory were followed, the resulting number of
NMACs would be 3.1 percent of those that would otherwise have
occurred without TCAS., Of course, other factors enter into the
complete picture -- not all intruders are mode C equipped; some have
better altimetry; visual acquisition is improved by the Traffic
Advisory display. The full picture is put together in Section 9,
Findings.

The sensitivity to the assumed Gaussian distribution is also
investigated by replacing it by a symmetrical exponential

distribution having the same standard deviation, which has much




oy TABLE 1
Sy EFFECTS OF ALTIMETRY ERROR FOR MODIFIED ALIM

B
tali hta’aa aTar P2 |, 4T

Atator

| | I | [ [ [
| | | | FRACTION OF | | |
| I | RSS | NMAC IN | | WEIGHTED |
| | | ERROR | ALTITUDE | RISK | RISK | ]
| ALT. | ALIM | (SIGMA) | BAND | RATIO | RATIO | }
| | | | | | | )
| | | ] | | | !
| 5 Kft | 400 ft | 143 ft | L44 | .0269 | .0118 |
| | I I | | |
| 10 | 400 | 156 | .31 ] .0485 | .0150 I
| I I | | | |
| 15 | 500 | 175 | .17 | .0231 | .0039
| | I | | [ |
| 20 | 640 | 190 | .03 | .o0051 | .0002
| ! [ | | | |
| 25 | 640 | 206 [ .01 | .o117 | .o001 [
| I I | | [ |
| 30 | 640 | 220 | .03 | .0210 | .0006
I I ' I | | [
| 35 | 740 | 239 I .01 | .o0125 | .0001
Total = .0317
Unresolved = .0143
Induced = .0174

Notes: Errors are 1. Own altimetry (A/C Quality)
2, Intruder altimetry (GA Quality)
3. 150 fpm tracking bias error

DELTA = 75 ft (Corrective advisory is maintained until the
apparent separation is ALIM + 75 ft)

(] -4 A
r
]
[o 9]
1

.
3 s
.“:’.-',
A NN

AAAL N T

]

|
A

4

.

.




“"heavier tails.” The result of that investigation is found to be .
equivalent to that for a Gaussian distribution with a 15 percent J

higher error.

Maneuvering Intruder

If an intruder is equipped only with a transponder and Mode C

encoder, but not with TCAS, there is no way to coordinate J

maneuvers. Thus, an escape maneuver on the part of the TCAS 4

aircraft could be thwarted ("faked out”) by a sudden contrary
maneuver on the part of the intruder. In such a situation TCAS
could be said to induce an NMAC. This characteristic is evaluated
by accounting for the behavior of the collision avoidance logic and
by using recorded data to characterize the intruder's maneuver,

The scenario of most concern is one in which the TCAS aircraft is
level, and the intruder has a substantial vertical rate and will
cross in front of the TCAS aircraft. As an example, the TCAS
aircraft is level and the intruder is descending to cross in front
of TCAS. At the closest point of approach the intruder would be
close horizontally and within ALiM below. TCAS will then display a
Climb indication, which the pilot would presumably follow. In order
for an NMAC to occur, the intruder must level off in a critical time
window and at a critical altitude. Using data from the Piedmont
flights, the probability of a maneuver within the time window,
together with the observed vertical rates, were used to assess the
susceptibility of TCAS to the fake~out. Relative to the
pre—existing risk of an NMAC, the Risk Ratio is found to be 2.7
percent. Using the data from the FAA flights, instead of the

Piedmont data, and using a different methodology for estimation,

similar results are obtained.
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5. Failure Mechanisms

The internal failure mechanisms pertain to (1) surveillance, (2)
persistent bit errors in the intruder's reply of altitude, and (3)

various combinations of failures in the avionics of either aircraft.

Surveillance

Many hours of TCAS airborne data is examined, both from 1982 flights
in a Boeing 727 and from 1983 flights in a Cessna 421. The analysis
shows that, by far, the surveillance characteristic of most concern
is the missed track rate. The typical performance is found to be a
miss rate of .06 at the time of the TA, and .03 at the time of the
RA.

Mode C Bit Failure

The impact of a persistent Mode C encoder bit failure is examined.
The failure of concern is a "stuck low order bit”; the high order
bits are of much less concern, since they represent errors of 500 ft
or more and are very likely to be detected by other means. The low
order bits provide errors of 100 ft, and can go undetected; their
principal potential harm is not in the altitude error itself but in
the altitude rate, which can cause an erroneous 30-second
prediction. The wrong combination of circumstances could cause an
induced NMAC.

Data from TCAS flights, supplemented by data taken by ground radars
at NASA's Wallops Island facility give a measure of the frequency of
occurrence of this kind of failure. That is combined with the
results of simulations on the TCAS altitude tracker to determine the
ultimate effects. It is concluded that the Risk Ratio ascribable to
a stuck C-bit is about 0.2 percent—-considerably less than that

arising from altimetry error or maneuvering intruders.
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Equipment Failure

Some hardware failures in TCAS and in the intruder's transponder
could cause an induced NMAC--a list of such generic failures is
provided in Appendix F. To assure that this type of failure is
remote, an approach is given which indicates a relation between mean
time between failure, performance monitoring, and periodic

maintenance to achieve these goals.

6. Visual Acqusition
The study assumes that if the pilot of the TCAS aircraft visually

acquires a conflicting alrcraft, he will avoid it. Data from

flights made both on the TCAS program and on the earlier
ground-based anticollision system, Intermittent Positive Control,
validated a theoretical model of visual acquisition. Applying the
results of the model to a variety of aircraft, crossing angles, and
speeds, in clear weather, it is found that the probability of visual
acquisition is about 0.83. 1In good weather, visual acqusition, as
aided by the TCAS TAs, can play an important role in collision

avoidance.

7. Fault Tree for TCAS Safety Analysis

The fault tree comstructed for this study provides both a
qualitative and a quantitative means to identify and analyze failure
modes 1n the overall system. A fault tree identifies all possible
means by which the undesired event (NMAC) can occur, organizes them
into a logical structure to study the processes leading to failures,
and systematically identifies all their root causes and

interactions. :

The two primary types of TCAS failures, which we are interested in

evaluating are:

~11-
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N 1. Two aircraft are on flight paths such that the pilot will
lx- need to make a maneuver in order to avoid an NMAC; TCAS
Kot does not provide an advisory adequate to enable the pilot ]
;%; to avoid it. This is an "Unresolved NMAC". _ {
R ]
2. Two aircraft are on flight paths such that if no maneuver i

‘. is made, an NMAC will not occur (the aircraft will pass :
;: safely in the vertical dimension). A faulty instruction
) is issued (in particular, a Resolution Advisory) which is
o followed, causing a critical NMAC to occur. This is an
;é; "Induced NMAC".
St
?;:5 The top-level fault tree for these events is shown in Figure 1.

& Each of these events is further subdivided in the trees shown in
iizi Figures 2 and 3.
N

;:: Table 2 is a summary of the basic probabilities obtained from the
N analyses conducted in this study. From this data the fallure rates
'iﬁi of various events in the fault tree can be obtained.
f;;f In addition to these quantified probabilities, there are

. human-factor considerations which are less easily quantified, there
3&5 being no historical data base. These account for the use of visual
o acquisition, the use of the Traffic Advisory, and the use of the
iig Resolution Advisory. 1In turn, these may be broken down further
-;ﬂ depending upon whether an action is taken or not taken.
o
‘ﬁij @ Visual Acquisition (V). Upon visual acquisition, as aided
:F:j by TCAS, it is expected that the pilot will be able to avoid

an NMAC. However, this might fail in one of two ways:
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FIGURE 2

:'Ff TCAS FAULT TREE, BRANCH 000
t:'-:: (UNRESOLVED CRITICAL NMAC)
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TABLE 2
SUMMARY OF BASIC PROBABILITIES

‘- '- ,- ““‘:

) CONDITION PRESENT PROBABILITY
AN
, Instrument Meteorological Conditions .16
Bright Daylight Conditions .70
GA and "other” Alrcraft .79
Intruder is Transponder Equipped .92
Intruder is Mode C Transponder Equipped .61
Risk Ratio for GA Altimetry .0317
Unresolved Component .0143
Induced Component .0174
Risk Ratio for Maneuvering Intruder .027
Probability of not being tracked
at time of TA .06
at time of RA .03
Risk Ratio for "Stuck C-Bit" .002
Risk Ratio for Equipment Failure .0001
Probability of not visually acquiring in
bright daylight conditions
by 15 s before CPA .17
by time of RA .35

LI b Bt gt 4

C ot
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:f}' - VNA: The pilot visually acquires the threat, but does
. Not Avoid the NMAC.

. - VMIR: The pilot visually acquires the threat but still
L33: Maneuvers on an Incorrect Resolution Advisory.

‘:i: ® Resolution Advisory (R): Expedient action, at least

'Cj: compatible with the RA, is necessary. Various factors may
190

2N inhibit the pilot's reaction thereby failing to avoid an

: i NMAC. This leads to the following failure:

<

l§$ -~ RNF: The pilot does Not Follow the RA.

.\' y
R

A ® Traffic Advisory (T): The intent of the TA is to alert the
j:h pilot to search for the intruder. If visual acquisition is
e not achleved and action is taken on the TA alone, failure
o may occur in one of two ways:

::}‘ - TNA: Based on his interpretation of the TA, the pilot
%:f: disregards an RA or what he sees and does Not Avoid the
o NMAC.

g

jﬁ? - TI: The pilot maneuvers to Induce an NMAC based on his
oD .

interpretation of the TA.

Ml
. 9’
.2,
AT
Vo B
'y
pPE LN

At

These five failure mechanisms are tested as variables in the

analysis,
- The evaluation of the fault tree is simplified if a nominal, or

baseline, set of operational conditions is assumed. Variations from

these nominal conditions are then explored in a subsequent analysis
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of the sensitivity to these assumptions. The assumed nominal

conditions are:

1. If a pilot visually acquires a conflicting aircraft, he
will avoid it.

2. In absence of visual acquisition, the pilot follows the
Resolution Advisory.

3. Visual acquisition, as aided by the Traffic Advisory
display for Mode C aircraft, is assumed to be effective
only in bright daylight.

4, The airborne traffic has today's level of transponder and

Mode C equipage.

5. The intruder is not TCAS-equipped. (If the intruder were
TCAS~equipped, it would have air carrier quality altiwetry,

and its displayed escape maneuver would be coordinated.)

6. No "false moves” are made by the TCAS pilot either from

| confusion or from prematurely maneuvering based on a
-,
x;ﬂ Traffic Advisory.
nis
E:S 7. Today's level of vigilance for see—and-avoid procedures is

maintained; that is, TCAS does not cause the pilot to relax

his guard.

PPNV ey - W NP U G S W Wy

P
-

Evaluating the fault tree proceeds with evaluating both of the major
branches under these nominal conditions, to get the probability of

the top event.
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Unresolved NMAC (The 000 Branch)

Evaluation of this branch (called event 2-000) proceeds by setting
all ATC faults to a failure probability of 1.0 (such failure is
presumed to have already occurred, or the pre-existing NMAC would
not be in process). We can summarize the failure modes and their

relative probabilities which do not include human factors as follows:

® Encounters in which neither TA nor RA is received. This
failure is primarily caused by lack of Mode C equipage
levels, and is the principal failure mode for TCAS.
(Probability: .41)

® Bright daylight encounters in which a TA is received, visual
acquisition does not occur and an inadequate RA is

generated. (Probability: .0008)

® Encounters in which a TA is received, visual acquisition is
not possible, and an inadequate RA is received.
(Probability: .002)

® Encounters in which a TA is not received prior to the RA, an
RA is generated, but it is inadequate to avoid the NMAC.
(Probability: .0004)

In addition, there are failure modes which relate to the

human-factors variables as follows:

® Bright daylight encounters in which a TA is received and
visual acquisition does occur before the RA, but the pilot
fails to avoid the critical NMAC with probability VNA +
TNA. (Probability: .259(VNA + TNA))

-22-
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Bright daylight encounters in which a TA is received and
visual acquisition does not occur, an RA is generated, but
the pilot fails to follow the RA with probability RNF.
(Probability: .138 RNF)

Bright daylight encounters in which a TA is received, visual
acquisition occurs but not before the RA is issued. An
inadequate RA is issued, and the pilot acquires the threat,
but does not determine the RA to be inadequate with
probability VMIR. (Probability: .0008 VMIR)

Encounters in which a TA is received, visual acquisition is
not possible, and the pilot does not follow the RA with
probability RNF. (Probability: .169 RNF)

Encounters in which no TA is received, an RA is received but
is not followed with probability RNF. (Probability: .020
RNF)

The total failure rate is thus .413 + .259 (VNA + TNA) + .327 (RNF)

+ .0008

Induced

(VMIR).

NMAC (The 500 Branch)

The failure scenarios for this event (called event 2-500), where
TCAS might induce an NMAC, and their associated probabilities are:

Encounters in which visual acquisition occurs but the pilot
does not see that the RA is incorrect with probability
VMIR. (Probability: .014 VMIR)
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® FEncounters in which a TA is received and visual acquisition
is possible, but fails to occur. (Probability .0029)

® Encounters in which a TA is received, but visual acquisition
is not possible. (Probability: .0073)

® Encounters in which a TA is not received. (Probability:
0.0008)

® Encounters in which a TA 1s received, incorrectly acted
upon, and causes an NMAC (Probability: .59 TI)

The probability of event 2-500 is thus .01l + .0l4 VMIR + .59 TI.

Top Event

As the two major events are mutually exclusive, the two
probabilities add to obtain the probability of a critical near
aidair collision, which is .424 plus a residual composed of human

factors failures, as seen in Figure 4.

8. Sensitivity Analysis
Sensitivity of five basic system fault probabilities was tested in

this analysis: Mode C equipage, surveillance failure, altimetry
error, maneuvering intruder hazard, and human factors. To test the
[i change in the probability of events 2-000 and 2-500 (and thus the

top event) corresponding to changes in failure rates of these

"l

elements, the fallure rates were varied between bounds judged

I‘.’

N appropriate for each element as follows:

R 1A

v
ottty
RIS
PRI
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E: ® Equipage: The nominal probability for an encounter with a
{ Mode C aircraft is .6l. To test the effect of this factor, o
t:j the calculations were also run assuming all aircraft Mode C Ei
‘Ei equipped. :i
S -
& "
® Surveillance: The nominal surveillance track probability is ia

\;: .94 for a TA and .97 for an RA. This quantity was explored ;i
:}j by alternatively improving surveillance by a factor of three -~
tg: and degrading it by a factor of about two (e.g., probability ES
\. of receiving RA varied from .99 to .94). ~
th ® Altimetry error. The only significant component is tn.t
f:i ascribed to general aviation aircraft (uncorrected static
.. error). Sensitivity to this parameter was tested both by
'ii varying the standard deviation plus and minus 20 percent,
;i: and by changing the form of the distribution from Gaussian
S?: to exponential.
:é @ Maneuvering Intruder Hazard: The overall probability of
:}: encountering an intruder that would start maneuvering in
:3 such a manner and at just the time to "fake out” the TCAS

il and cause an NMAC was estimated from airbornme data. The
‘ikj sensitivity to this factor was explored by changing the
.E: maneuver probability by 50 percent, both higher and lower.
t':,:
-_ @ Human Factors. In the nominal case, no pilot failure modes
i} were accounted for, although five were identified. To give
:é some indication of the effect of these failure modes, they
';; were permitted to faill at the rate of 1 in 20.
b
&~ 26~
&
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Also, three basic assumptions were made in the nominal estimate:
TAs were not given on aircraft that are transponder equipped, but
which do not report Mode C; visual acquisition, as enhanced by the
TCAS, is used to provide separation, and RAs are followed in
instrument meteorological conditions (IMC). The sensitivity
analysis tests the opposing assumptions: that non-Mode C aircraft
are tracked, that enhanced visual acquisition 1s not effective, and
that RAs are not followed in IMC.

Failure Probabilities

The resulting changes in probability for events 2-000, 2-500 are
graphed in Figure 5 on a logarithmic scale. The lines across the
bars represent the nominal probability of each event. It should be
noted that a change in probability of event 2-000 is accompanied by
a corresponding change in the probability of event 2-500 in most
cases. For example, higher Mode C equipage results in wmuch lower
probability of an unresolved NMAC but a higher probability of an
induced NMAC.

Surveillance failure has little effect on the probablility of both
unresolved and induced NMACs. Altimetry error and maneuvering
intruder hazards have no discernable impact on unresolved NMACs, but
induced NMACs are sensitive to these factors. If, instead of the
Gausslan error model, an exponential error model is assumed and the
failure probabilities are calculated, the effect is similar to using

the Gaussian moc :1 with about a 15 percent increase in nominal error.
If TAs were to be provided on non-Mode C aircraft, there would be a

significant reduction in the unresolved NMACs without an increase in
induced NMACs.
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Improved visual acquisition, arising from the presentation of TAs,
has little effect on unresolved NMACs. This is due to the fact that
since only Mode C aircraft are tracked, there is high probability of
getting an RA, given the TA; the only impact of visual acquisition
is to correct inadequate RAs, which are infrequent. For induced
NMACs, the benefit of improved visual acquisition can be seen by
observing that, without any TAs (visual acquisition ineffective),
that portion of the failure rate approximately doubles,

By not following RAs in IMC, we can avert a substantial number of
induced NMACs as shown by the bar on the right side of Figure 5;

however, this also increases the number of unresolved NMACs.

Human Factors

To obtain some indication of the effect of human factors faillure
modes, a failure rate of .05 (1 failure every 20 situations in which
the potential for failure exists) was used, The individual failures
have been broken down into their five components (VNA, TNA, RNF,
VMIR, and TI) and graphed in Figure 6, using the same scale as
Figure 5.

It can be seen from the graph that human factors has little impact
on the unresolved component of the failure rate, which is only
slightly sensitive to VNA (intruder was visually acquired but NMAC
not avoided), TNA (TA misleads the pilot into disregarding a visual
acquisition or correct RA), and RNF (RA not followed). The
unresolved component is very insensitive to VMIR (Maneuver on an
incorrect RA in spite of visual acquisition indications) because the
opp&rtunity to make this error is infrequent (.08% of all NMAC

encounters). TI (use of the Traffic Advisory, inducing an NMAC )

does not apply to the unresolved component.
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-
- Nominal .01l
.01 |~ VNA RNF VMIR TI ALL
T TNA
i VNA : Visual acquisition but NMAC Not Avoided
TNA : Pilot uses Traffic Advisory, disregarding an
— RA or what he sees, and does Not Avoid NMAC

RNF : Resolution Advisory Not Followed

VMIR: Visual acquisition, but pilot still
Maneuvers on an Incorrect RA

Tl : Pilot maneuvers based on TA, Inducing
an NMAC

Note: Assumed failure rate for each factor is .05;
for all factors at once they are also .05.
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o INFLUENCE OF HUMAN FACTORS ON OVERALL SYSTEM PERFORMANCE
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v As for the induced component, it can be seen that the potential
kY
exists for a significant number of failures by use of the Traffic
X Advisory to make an incorrect maneuver which induces an NMAC. It

should be noted, however, that this may be an over-estimate for the

following reasons:

1. Pilot training should reduce the use of the TA for purposes

other than as an aid to visual acquisition.

2. If the TA is used for maneuvering, we assumed the following

conservative conditions:

a. Visual acquisition is not attempted or is not possible

b. If the display is accurate, the pilot must interpret it
adversely and disregard any ensuing RA (actually, a

chain of concurrent probabilities).

As can be seen in Figure 6, the induced component of the failure

rate 1s not sensitive to the other factors (VMIR, RNF, TNA, or VNA).

If all five factors were to fall independently at the rate of 1 in
20, the relative probability of an NMAC would be 48.4 percent, with
the unresolved component beilng 44.2 percent and the induced 1

component being 4.2 percent.

9. Findings
The basic philosphy is to make the assessment realistic, but

Ao

conservative. In particular, no credit was assumed for the

following: !

f}
TR
0

-
202 s

b
»

A

31- ,

7
Y

..

. s [ P
CL et Y A R RN -
. e o e g e e and




R N i R At e e e A R U L O I e A S A AT A L AR IDE R |
SO 1
|
:;:' f:f {
fﬂ“i ® Visual acquisition in less than.bright daylight conditions
[

v ® Some situation checking features in the logic feature
o

Jﬁ}- ® Aircraft leveling out gradually instead of abruptly
A

I3

vt ® The Resolution Advisory preventing an incorrect maneuver, or
Tl |

rordd correcting one that may have been prematurely taken on a

a

':L: Traffic Advisory

B "’\ r.

:;“a The data and analyses brought to focus in this study disclose the
i}ﬁ; following findings relative to the Risk Ratio.

:?” 1. Under a nominal set of baseline conditions this ratio is
WA
‘{\}. about 42 percent. Figure 7 shows this, with the first bar
! :5 (100 percent) as the pre-existing risk of encountering a
ﬁ::: NMAC without TCAS; the second bar (Risk Ratio is 42
SR percent) is the risk of encountering an NMAC with TCAS
i

o under the nominal conditions. Most of this residue is
;\ix attributable to the lack of complete equipage with altitude
o reporting transponders.

YR RN

s If the capability to track all non-Mode C aircraft and
S9N

:53 display an "altitude unknown" Traffic Advisory were added

o
‘Qi: to the nominal system, a major reduction in the unresolved
pr - component of the Risk Ratio would be obtained; the residue
:5;“ would decrease to about 25 percent, as shown in the third
-?if bar of Figure 7. This is caused by the improved visual

e
::3 acquisition that would result for those aircraft that are
2N on a near collision course.
1 "-.f
A
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2
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FIGURE 7
RELATIVE TCAS EFFECTS
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The greatest payoff, however, in reducing the risk of NMACs
would be to increase the number of aircraft having altitude
reporting transponders. Statistics on avionics show the
trend to be in that direction. If all aircraft were
equipped with altituding reporting transponders, the Risk
Ratio would decrease to 5 percent (the fourth bar of Figure
7), two thirds of which 1s attributable to surveillance
limitations; the remainder is attributable to maneuvering

intruders and to altimetry error.

Most of the residue under nominal conditions is caused by
an inability to avoid an NMAC that would have occurred even
without TCAS (the unresolved component of Risk Ratio).
Under certain conditions, however, the system itself can
induce an NMAC (the induced component of Risk Ratio). The
risk of that occurring for the nominal conditions is about
one percent of the risk encountering an NMAC without TCAS
(shaded parts of the hars in Figure 7; see also Table 3).
The primary cause for these failures are altimetry errors

and sudden maneuvers by the intruder,

If the standard deviation (Gaussian distribution) of
general aviation altimetry error were to be 20 percent
larger than estimated, the induced component of Risk Ratio
would increase to about 1.7 percent. While this component
is small relative to the unresolved component, and the
overall effect on Risk Ratio is small, the minimization of
induced NMACs is in itself a major TCAS objective. If the
assumed error distribution were characterized by the heavy
tailed symmetrical-exponential distribution instead of the

Gaussian, the nominal induced component of Risk Ratio would

-34-
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TABLE

---------------

3

SENSITIVITY TO VARIOUS FACTORS

[ OVERALL [UNRESOLVEDL] INDUCED |

Per 20 Encounters

CONDITION IRISK RATIO|COMPONENT |COMPONENT |

| (Percent)|(Percent) |(Percent)|

I | |

Nominal | 42.4 | 41.3 | 1.1 |
|

|

Non-Mode C Traffic Advisories | 24.9 | 23.8 | 1.1 |
l |

I |

100 Percent Mode C Equipage | 5.3 | 3.5 | 1.8 |
| I |

" | I

20 Percent Higher GA | 43.4 | 41.7 | 1.7 |
Altimetry Error | | | |
| |

| |

Exponential Altimetry Error | 43.1 | 4l1.6 | 1.5 |
Model | | | |
I I

[ |

50 Percent Increase in | 42,8 | 41.3 1.4
Probability of Fake-Out Maneuver | { | |
| { |

| | |

Probability of Missed Surveil- | 41.0 | 39.9 | 1.1 |
lance. 30 Percent of Nominal | | | |
! | | |

I I | [

Alided Visual Acquisition Not | 44.1 | 4l.6 | 2.5 |
Effective I | | |
| | |

| N |

TCAS Not Used in IMC | 51.4 | 50.7 | A
| | |

[ R |

Human Factor Failures: One | 48.4 | 44.2 | 4.2 |
| | |

| I I
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be 1.5 percent -- somewhat larger than before but similar

in effect.

The contribution of altimetry error to the total overall
Risk Ratio is dominated by the GA errors; .he hazard caused
by air carrier errors is at least an order of magnitude
lower. A reduction of the GA altimetry error provides more
than proportionate reduction in the induced component of

the Risk Ratio.

The risk of two air carriers, both equipped with TCAS,
having an NMAC is several orders of magnitude less than
without TCAS; altimetry is corrected, maneuvers are

coordinated, and both aircraft have surveillance.

TCAS is susceptible to being thwarted, in certain cases, by
an intruder making a sudden vertical maneuver. The
situation of most concern is one in which an intruder with
a substantial vertical rate approaches a level TCAS
aircraft so as to project a crossing through its altitude.
A vertical escape initiated by the TCAS aircraft could be
thwarted ("faked out”) if the intruder were suddenly to
level off at a critical time and altitude. The study used
actual aircraft data from Piedmont flights and from FAA
flights to estimate the contribution of this factor to
overall Risk Ratio. A 50 percent increase in the
probability of a fakeout maneuver will cause a nearly
proportionate increase in the induced component (increases
the induced component of Risk Ratio from 1.1 percent to 1.4

percent).

~3h-
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The nominal performance of surveillance quality was
estimated from live track data in many regions of

airspace. If the missed track rate were to decrease from
its nominal rate of three percent to one percent, a small
improvement in the unresolved component of Risk Ratio would
be obtained; the induced component is essentially

unaffected.

A Traffic Advisory is displayed on an intruder
approximately 15 seconds before the Resolution Advisory is
posted. This precursor is intended to alert the pilot to
start a visual search for an aircraft that may be of
concern. If visual acquisition is obtained, an incorrect
Resolution Advisory, such as from altimetry error, can be
overriden by the pilot. This aided acquisition reduces the
induced component of Risk Ratio by more than half. Very
little effect occurs for the unresolved component, as a
Resolution Advisory almost always occurs if a Traffic

Advisory is present.

If TCAS is not used in IMC, which constitutes roughly 16
percent of the NMACs, the unresolved component would
correspondingly increase, and the induced component would

correspondingly decrease.

The probability of encountering an NMAC in today's
environment, in the absence of TCAS, is approximately once
in 100,000 hours of flight. Four quite different
approaches to obtaining this estimate were used, and they

were all within 4:1 of this value.
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;:f: 8. Five pilot failure modes (human factors) were postulated

(: - and their relative impact parametrically assessed. The

o most severe failure postulated (TI) is one in which the

-". -,.

RN pilot used the Traffic Advisory for maneuvering rather than

f:gﬂ for visual acquisition, made an inappropriate maneuver, and

'}: disregarded any subsequent Resolution Advisory. The second
ey most severe human factor failure is one in which the
Ly
;f}? Resolution Advisory is simply not followed.

.

If all five human factor failures were to fail independently
r_;: at the rate of 1 in 20, the Risk Ratio would be about 48
;ﬂ;\ percent, with the induced component accounting for 4.2
R percent.
AN
\ £
.?ﬁgj 10. Conclusions and Recommendations

Operational Implications

{ Operational discipline for the use of TCAS will vary depending on
:Q}: many factors. However, it was found that: (1) visual acquisition,
f;;é? as aided by the Traffic Advisory display, can play an important role
o both in improving see-and—avoid and in minimizing the effects that

' would induce critical NMACs, (2) alertness remains necessary in

n ; visual conditions both to protect against aircraft not equipped with
$§2 transponders and, to a much lesser extent, to protect against

-".

i) equipped aircraft which may be missed by TCAS surveillance.

If TCAS is not used in IMC, the induced component of NMACs would
decrease; however, the larger benefit of being able to resolve NMACs

in IMC would also decrease.
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Training Implications

During the course of this System Safety study, several factors that
should be addressed in a training and proficiency program became

apparent.

1. Traffic Advisories are intended to aid visual acquisition
and to prepare the pilot should a Resolution Advisory
follow. Premature maneuvering based on the Traffic

Advisory alone could be gelf defeating.

2. Prompt reaction when a Resolution Advisory is posted is
important. In order to be able to maneuver through the
uncertainties of altimetry error, a displacement on the
order of 400-500 ft may be necessary (larger at high
altitudes). A delayed reaction will reduce the
displacement achievable in the available time.

3. From the results of the study it appears that the pilot 1s
statistically better off by trusting his instrument than by
not trusting it--the ratio of resolving NMACs to inducing
them is 23:1. If, in addition, Traffic Advisories are used

to aid visual acquisition, this ratio increases to 58:1.

Equipment Reliabllity Implications
The type of equipment failure of concern for this study is one which

could cause an NMAC. If one occurs which does not cause the
performance monitor to immediately turn off TCAS, it should be at
the rate of 10-4, or less, per NMAC to be negligible relative to
other causes. The performance monitor therefore needs to be

effective in « -.ecting critical sources of failure in the elements

of the TCAS system.

-39~

o e« - D O L SR T IS S ) et e e T N e
)

It A AL P S SN E A YRR SRR I A X S BE il
e e T e N S A g I e

3
~



B Jindn 3 g - v v A TE TV TV NS Y UL Y
D A O A At A RO I AU ORI ICAS A I A R R

T L{'rf\"l ) '.4

Program Implications

The System Safety study highlighted several recommended areas that
the TCAS Program might emphasize in the future.

1. Steps should be initiated to confirm applications of TCAS
in IMC. A determination of the detailed nature of
altimetry and of maneuvering intruders under poor
vigibility conditions should be obtained and methods

explored for controlling them.

2. Identify steps that might be undertaken to remove

‘.

out-of-tolerance altimeters from the system.

<

3. Develop pilot training measures to specifically treat
human -factor failure modes that have been 1identified.

Consider means to verify the effectiveness of such steps.

R
-l
.
i
b
<
-9
.4
Y

Changes Required

This study resulted in an intensive evaluation of all safety-related
parameters and procedures. It was concluded that an increase of the
ALIM parameter at low altitudes appears desirable. This would
decrease the effects of altimetry error and would not affect the

alarm rate significantly.
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1. INTRODUCTION
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1.1 Purpose of the Study
The aircraft Traffic Alert and Collision Avoidance System

(TCAS), which provides vertical-plane resolution advisories, is
designated minimum TCAS II. TCAS (Reference 1), developed in
response to a widely perceived need to provide the pilot with
an independent, back-up collision avoidance system, is in the
final phase of its development and operatiomal evaluation in a

commercial air carrier.

Because TCAS is intended to provide emergency information to
the pilot in time to avert an impending collisiom, a
quantitative evaluation of its performance, advantages and
limitations with respect to the improvement of aviation safety
is essential; the TCAS System Safety study was performed to
satisfy this need. U.S. airspace already has many levels of
“separation assurance” built into the Air Traffic Control (ATC)
system—"see-and-avoid” procedures, flight plan clearance, ATC
surveillance, Conflict Alert at the ATC facility, and an

impressive array of redundant systems and fall-back

procedures. The TCAS equipment and procedures must be

compatible with this environment.

OV 2F AR

The airspace environment introduces three major limitations to
TCAS effectiveness that must be assessed:

® The effect of using TCAS in an environment where some

aircraft do not have ATC transponders.

I

® The effect of instrumentation and calibration errors in

altimetry measurement and reporting.

1-1




® The effect of an intruder making sudden maneuvers,

especially ones which would thwart a TCAS Resolution
Advisory.

Each of these not only can render the "CAS ineffective, but of
more concern, they can cause TCAS to make the situation worse
than before. In addition to these limitations there are the
more conventional failure mechansisms: avionics failures,
software failures, misinterpretation of displays, failure to
respond, etc. It is necessary to quantitatively assess the
magnitude of each factor, uncover interrelationships among
system elements, and make those recommendations which will

minimize the effects of any safety related faults.

1.2 Methodology

1.2.1 Study Approach

A System Safety study is an overall assessment of the

interrelation of all factors pertinent to system performance-——
TCAS avionics, the pilot, the other aircraft, and the ATC
system. Performance of the System Safety study required the
development of analytical techniques and simulation modeling,
plus the analysis of flight test data and historical data, to
provide a sound technical basis for the study. The study uses
the "fault tree” technique to structure a "top down" analytical
approgch (Reference 2). This begins with the undesired event

. o e
) . RN
PR A

e Y
] LI LTt
JERNCIR B . oo

AN (a near midair collision) at the top of the logical tree and
ﬁ{g systematically branches down to the root causes (faults) of the
NN

undesired top event. The approach was channelled into three

.
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a, Definition Systematic description, using fault
tree techniques, of all possible

ways in which failure could occur.

. ™
-

~

~

'
A

b. Qualification Analysis of the TCAS fault tree to

determine which failure modes are

:ﬁ: most important and which are less 4
'

_:j: likely or unlikely to occur.

>

»-l-

c. Quantification An analysis of the predominate

»
ML ] )

;&i failure mechanisms is conducted to !
_iﬁ determine their probability of :
3? occurrence. The computation of

:; overall system risk follows

‘E£ directly.

}{' In addition, the active participation of the aviation community
ff\ was seen to be a necessary means to assure that all important

aspects of System Safety were addressed. The following

;;S approach was taken in the course of the study to coordinate

ﬂk these elements:

'Z ® A study team was formed among personnel from the FAA,

:2 MITRE, and M.I.T. Lincoln Laboratory. This team

" developed the analysis and data reduction required to

= perform the System Safety study, and provided periodic

Ei progress briefings.

:

~QZ ® Members of the aviation community, together with FAA a
& and DoD representatives (Appendix A), were invited to 3
ig participate in the review of the briefings. Five 2
p
s,
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progress briefings were held during the course of the

study.

The TCAS System Safety study would not have achieved the
results presented in this report without this in-process
review, particularly of the private sector reviewers who were
more than generous in their contributions of time and effort.
By their questions and comments during the course of the study,
these individuals and the organizations they represented helped
assure that the study focused on the critical issues and that

important issues were not overlooked.

1.2.2 Study Assumptions and Limitations

::\}"..",\"f'* -

The TCAS System Safety study has been structured broadly enough
to be applicable for analysis of the minimum TCAS II system in
all traffic situations and environmental conditions that are
expected in normal flight. Whenever possible, the parameters
used in the study were derived from TCAS test flight data. In
particular, the vertical rates, altitude separation, slant
ranges and advisory rates used to describe the airspace are
derived from flight test data, with particular emphasis on the
Phase I Operational Evaluation tests conducted with Piedmont
Airlines (normal air carrier operation on an IFR flight plan).
A TCAS installation for VFR operation, such as onboard general
aviation aircraft, might be quite different and is not treated

here.

In the analysis of the effects of the system errors, the
parametric effect of failure rates and error magnitudes is
given for all major error sources. Altimetry error is assumed

to follow a Gaussian distribution, and the magnitude of this
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error for particular classes of aircraft is derived from the
available data. These assumptions are tested to determine the

sensitivity of their effects on the results. Indeed, the basic

analysis used conservative assumptions and subsequently tested
these assumptions so that the underlying effects could be made
apparent.

Failure mechanisms related to human factors are also defined.
These pilot-related failures are difficult to assess since no
appropriate data base exists at present. Accordingly, these
factors are defined as variable terms in the analysis of the
fault tree, and their effects are noted parametrically, and

compared with the effects of other failure mechanisms.

The analysis performed in this study includes all the
underlying ATC processes as they exist at present; however, it
does not account for any interaction between the TCAS flight
crew and the ATC system during the period of the TCAS alert.
Such interaction, for example, could involve calling ATC for

advice when a Traffic Advisory is received.

1.2.3 Criteria
The principal criterion for performance is simply the

probability of encountering the top-level undesired event--a
near midair collision. The choice of a near midair collision
(NMAC) rather than simply a midair collision is made both to

introduce an element of conservatism and to be able to utilize

a substantial data base for the calculations. The FAA defines
three classes of NMAC in Reference 3, which is quoted as

follows:
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"l. Critical: a situation where collision avoidance was
due to chance rather than an act on the part of the
pilot. Less than 100 ft of aircraft separation would
be considered critical.

2. Potential: an incident which would probably have
resulted in a collision if no action had been taken by
either pilot. Closest proximity of less than 500 feet
would usually be required in this case.

3. No Hazard: when direction and altitude would have a

midair collision improbable regardless of evasive
action taken.”

For this study, we will use the definition of critical NMAC to
quantify our results. Thus, an NMAC is one in which the

aircraft pass within 100 ft vertically and close horizontally

(approximately 500 ft).

Basically we are interested in evaluating the question, "Is one
better off with TCAS than without 1t?" The measure of this
question 1s determined by evaluating the risk of encountering
an NMAC with TCAS, and dividing that by the risk of
encountering an NMAC without TCAS. This quantity is defined as
the "Risk Ratio”. Later sections of this report will evaluate
Risk Ratios of individual fault mechanisms and combine them
appropriately to obtain the overall Risk Ratio. Fortunately,
it was found to be possible to compute the Risk Ratlo directly
and so to be able to evaluate the net impact of TCAS on the
gafety of flight, without being too concerned about determining

the precise current level of risk in the absence of TCAS.

1.3 Structure of the Report

Section 2 of this report provides a brief overview of TCAS,

pertinent considerations in its design, operating
characteristics, and displays. Section 3 describes the

1-6
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" pertinent information, abstracted from several data sources,

»

upon which the analyses in Section 4 and 5 are based. Section

_-

fﬁ 6 evaluates the role of visual acquisition (see-and-avoid).
f} These elements are all brought together in the fault tree of
o Section 7. Section 8 assesses the sensitivity of the

evaluation to variations in the component factors. The key

2 £

A
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findings of the study are presented in Section 9, followed by

the conclusions and recommendations in Section 10.
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2. BRIEF OVERVIEW OF TCAS J
The subject of this safety study is the minimum TCAS II system i J

L]
»
A

described in the Minimum Operational Performance Standard of

the Radio Technical Commission for Aeronautics (RTCA),

’

.t '.("'v:t" '
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P
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including the functions of high density operation, bearing
estimation, and display of Traffic Advisories. This section
gives a brief summary; considerable detail will be found in

Reference 1.

aad
2.1 The TCAS Concept M

The TCAS concept provides a family of airborne collision T

avoildance services based upon the processing of ATC transponder

replies from proximate aircraft., TCAS provides airborne
collision avoidance services without the need for ground
equipment., TCAS capabilities range from a minimal warning
system, designated as TCAS I, to a full capability traffic
advisory and resolution advisory system, designated as TCAS
II. TCAS II is capable of operating in high density terminal
areas. The minimum TCAS II provides for maneuvers only in the
vertical plane; enhanced TCAS II is expected to provide for

maneuvers in the horizontal plane as well as the vertical plane.

TCAS equipment will generate Traffic Advisories and Resolution
Advisories when in conflict with other TCAS aircraft, as well
as with other intruders equipped either with today's

conventional transponder or with a Mode S transponder.

2,2 Minimum TCAS II Overview
The minimum TCAS II uses active interrogation of ATC

transponders to track nearby aircraft in slant range and

relative altitude; it uses these to assess the collision threat
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potential and to generate appropriate collision avoidance

advisories.

The minimum TCAS II is designed to have a nominal surveillance
range of 14 nautical miles over which it tracks transponder
equipped aircraft in range and altitude. An on-board direction
finding antenna is used to measure intruder bearing.
Transponders are interrogated in discrete address Mode S or
Mode C-Only All Call signal formats approximately once every
second. The low duty cycle, directional interrogation and an
automatic interference limiting capability prevent any
operationally significant impact on the ground ATC surveillance

system.

TCAS 1II provides the pilot with Traffic Advisories and with
Resolution Advisories. 1In collision encounters, the system
design assures that the Traffic Advisory normally occurs
approximately 15 seconds before the Resolution Advisory. The
Traffic Advisory can be presented on a weather radar CRT
display in a graphical format which provides the range,
bearing, and relative altitude of the potential threat.

As an option, non-Mode C aircraft may also be tracked. If an
intruding aircraft 1s not reporting altitude through its
transponder, it is not possible to determine if the aircraft is
a potential collision threat. Therefore, for intruders not
equipped with altitude reporting transponders, TCAS II may
generate Traffic Advisories but will not generate Resolution
Advisories. However, if the aircraft were on near collision
course, such Traffic Advisories would enhance visual

acquisition.
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§?; An aircraft is declared to be a collision threat to the TCAS II ]

‘ aircraft if either its current position, or its projected !

;;3: position, simultaneously violate range and relative altitude i

:5:3 criteria. Generally, an aircraft will be declared to be a ;

;:j: collision threat 20-30 seconds before closest approach, at 3

n which time a Resolution Advisory is displayed. This provides %

E‘E time for an escape maneuver by the pilot.

e _J

gi:' The Resolution Advisory is chosen to provide a specific margin §
of separation with a minimum change in the existing flight path i

of the TCAS II agircraft. The minimum TCAS II utilizes

maneuvers in the vertical plane only. The Resolution 4

Advisories can be displayed on a modified instantaneous
vertical speed indicator. Positive advisories can be indicated

by lighted arrows, and negative and speed limit advisories can
be indicated by lighted curved bars which define the regions of

vertical speeds that are to be avoided.

Before the Resolution Advisory is selected, a coordination
exchange is made with the threat aircraft if it also is TCAS II
equipped. Coordination ensures that complementary Resolution
Advisories will be displayed and that both TCAS II maneuvers
will increase separation between the aircraft. For example, oue
aircraft would have a climb advisory, the other a descend
advisory. The escape maneuvers are designed so that sufficient
separation is generated if only one of the aircraft follows the

advisory.

If the threat aircraft is equipped with the TCAS I system, a
crosslink Traffic Advisory message is sent providing TCAS I
with the relative position of the TCAS II aircraft as seen by
TCAS I. This message is transmitted when TCAS II displays {ts

i
«
«
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Resolution Advisory, and is continuously updated throughout the

encounter.

TCAS II threat detection and resolution logic thresholds are
chosen to assure adequate separation and an acceptable alarm
rate under various conditions of flight. This function is
called sensitivity level control. The sensitivity level of the
TCAS II logic is described by a single parameter that ranges
from 1 to 7. Higher sensitivity level values provide more
warning time for collision avoidance by effectively
establishing a larger protection volume around the TCAS II
equipped aircraft. In areas of high traffic densities, large
protection volumes can lead to high alarm rates. Therefore,
lower sensitivity level values are used in high density areas
to reduce the protection volume and the alarm rate. Values of
sensitivity level can be selected by a number of means; such as
by pilot control, by automatic control based on TCAS aircraft
barometric and radar altitude, and by data link command from

Mode S ground stations.

2.3 Collision Avoidance Algorithms

TCAS II performs its aircraft separation assurance function by
displaying Traffic Advisories to the pilot for potential
collision threats, and Resolution Advisories for maneuvers to
increase separation. The TCAS II Collision Avoidance
Algorithms use the tracks formed by the TCAS il surveillance
function to make this determination. The principal functions
of the TCAS II collision avoidance algorithms are threat

detection, resolution, and communication and coordination.

All airborne, altitude-reporting aircraft that are tracked by
TCAS II are considered intruders. TCAS 11 evaluates each

24
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intruder through a prescribed sequence of tests to declare the

intruder a threat or a non—-threat. The characteristics of an
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intruder that are examined to determine if it is a threat are

4 &

eﬂ its altitude, altitude rate, range and range rate.

. TCAS 11 generates Resolution Advisories for all intruders

f‘ declared threats. Each threat is processed individually for

Ej selection of the appropriate Resolution Advisory based on track

;S data and coordination with other TCAS II equipped aircraft.
Coordination communications involve the air-to-air transmission

4 of maneuver selections to assure the display of compatible

4

Resolution Advisories.

2.3.1 Threat Detection

TCAS measures range to the tracked aircraft, and receives the
altitude of the tracked aircraft in the transponder reply.
Filtering algorithms derive range rate and altitude rate from
the sequence of replies. Each aircraft track is tested once
per second to determine whether the collision threat criteria

are passed.

To be considered a collision threat, the tracked aircraft must
be threatening (i.e. converging or already very close) in both
range and altitude. The convergence test accounts for a wide
spread of speeds by testing the time remaining until closest
approach, determined by dividing range by range rate, and by
testing a similar ratio for altitude. The altitude test is
augmented by a projection of the vertical miss distance
expected at the time of closest approach, so that an
unnecessary alarm is avoided if the two aircraft are diverging

vertically.
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o Traffic Advisories are determined using similar tests, but with
(,. a larger protected volume. This is achieved by using larger
,:. threshold values for altitude, range, and time to closest

‘: approach. For a potential collision encounter, a Traffic

M

o Advisory is displayed approximately 15 seconds before the

- Resolution Advisory is displayed. The intent of the Traffic
::: Advisory is to alert the pilot to start a visual search for the
\-\.: intruding aircraft.

.3.

- 2.3.2 Resolution Advisory

-

::: 2.3.2.1 Sense Selection

~ When a tracked aircraft is first declared a threat, TCAS

b

selects its sense (upward or downward) for intended

a
»

20

resolution. This is determined by predicting the result of

A
s

potential "Climb" and "Descend” escape maneuvers. The threat

%9,

is projected to continue its current vertical rate, and the

“_ sense giving larger vertical separation at the closest point of
Tii approach is selected. The modeled escape maneuvers assume an
:ﬁ: escape rate of 1500 feet per minute, unless the TCAS aircraft
r: already has a greater vertical rate in the direction of escape
.- being considered. In that case, the existing vertical rate is
1:{ used for the prediction.

< In a conflict involving two TCAS aircraft, the first to detect
V;i the conflict selects a resolution sense as described above, and
;i sends notice of its choice to the other aircraft using the

.fj air-to-air link. The other TCAS then selects the complementary
;; sense, ensuring a compatible escape. A protocol that tests the
" discrete addresses of the aircraft transponders is used to

ﬁ; resolve encounters in which both TCAS units simultaneously

i; attempt sense selection.
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2.3.2.2 Advisory Selection

After the sense (upward or downward) of a resolution advisory
has been selected, TCAS determines which of its advisories (see ?

below) will provide adequate vertical separation (the value of .

the parameter ALIM) with minimum change of flight path. _d
ol
Upward Sense Downward Sense &4
Climb Descend :
Do not descend Do not climb
Do not descend faster than Do not climb faster
500 fpm than 500 fpm
Do not descend faster than Do not climb faster
1000 fpm than 1000 fpm
Do not descend faster than Do not climb faster
2000 fpm than 2000 fpm

TCAS reevaluates its Resolution Advisory once per second. The

[ M
R

strength of the advisory may change as the encounter

L

progresses. TCAS minimizes such transitions, with its primary

bt

consideration being adequate vertical separation, and its
secondary consideration being the disruptive effects of
Resolution Advisory transitions and excessive escape
maneuvers. When the collision threat criteria are no longer

satisfied, TCAS removes its Resolution Advisory.
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3.

CHARACTERIZATION OF TCAS ENVIRONMENT

Obviously, the operational performance of TCAS depends on the
alrspace in which it is used. 1In en route positive control
airspace, the performance can be expected to be quite different
from uncontrolled airspace near a terminal having a high degree
of VFR traffic. For this study, the TCAS will be evaluated for
an air carrier aircraft operating its normal routes on an IFR
flight plan. It is typified by the routes, airspace, and
traffic encountered by flights conducted by Piedmont Airlines as
they carried the TCAS equipment for four months in the Fall of
1981 and Winter of 1982.

To characterize the environment, the following sources of data

were used:

° Incident reports on Near Midair Collisions (NMAC)
collected by the FAA

) TCAS data recorded on the Piedmont Phase I flights
every time a Traffic Advisory or Resolution Advisory

occurred

) TCAS operations as recorded on the FAA B727 aircraft
in flights at Atlantic City, Washington, and Chicago

[} Information and data on altimetry errors

The following subsections will discuss these sources of data and

the inferences to be drawn from them.

3.1 Incident Reports on Near Midair Collisions (NMAC)
The FAA Office of Aviation Safety (ASF-200) collects and

maintains reports of near midair collisions as well as of actual

3-1




U L e R A e A e A S N R R SO P A A A AR

e SN

collisions (Reference 3). The value of the NMAC incident
reports for a study such as this is that there are many more of
these incidents than there are of collisions. This provides a
small but sufficient sample for characterizing the TCAS
environment. The FAA's coded data base goes back to 1973. 1In
1981 a new format was instituted. As a result, a data set was

established for the years 1973-1980, and will be used for most b

of this analysis.

The NMAC data base provides information on the following items:

® The altitude distribution of these encounters

PO S T3 PEY N

® The visibility conditions under which they occurred

o The operator of the other aircraft (at least one of

the aircraft will be alr carrier IFR)

] The fraction of transponder and Mode C equipage in the

encounters

) The risk of encountering an NMAC

3.1.1 Altitude Distribution
The NMACs for air carrier aircraft flying on IFR flight plans

occurred at various altitudes. Figure 3-1 shows the frequency
of occurrence with altitude for the 105 of those incidents in
the 8-year data base. While some of these occurred at high
altitudes, 36,000 ft being the highest, most (71 percent)
occurred below 10,000 ft. This suggests the conclusion that

flight in the terminal area is the phase of most concern.
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3.1.2 Vigibility Conditions

The visibility under which the 105 air carrier IFR NMACs
occurred is listed in Table 3-1.

TABLE 3-1
VISIBILITY CONDITIONS

VISIBILITY FREQUENCY
Less than 5 mi 14 (6 less than 1 mi)
Greater than 5 mi 86 (40 unlimited)
Unknown 2
Total 105

High visibility dominated--a fact that is well known. To
obtain a rough estimate of the relevance of Instrument
Meteorological Conditions (IMC) to NMACs, we observe that 14
incidents were reported to have occurred with visibility less
than 5 miles, while 86 had visibility greater than 5 miles.

IMC is usually declared for visibility less than 3 miles (5
miles above 10,000 ft MSL), but these thresholds are not broken
out in the NMAC reports. One can then say that less than 1/6
of the NMACs were in IMC.

Of greater interest is the fact that 70 percent of these
encounters occurred in bright daylight, and that of these, 93
percent were first sighted when they were less than 1/2 mile
away. From this one can infer that if TCAS could provide an
aid to visual acquisition, such an aid could be highly
valuable. Section 6 will provide a quantitative background for
estinating the value of such a feature, and Section 7 will

combine all the factors into the fault tree.
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3.1.3 Operator of Other Aircraft

The other aircraft in the NMAC data were classified as to their
type of operator: 9 percent alr carrier, 12 percent military,

71 percent general aviation, and 8 percent “other™ or unknown.

3.1.4 Fraction of Transponder Equipage
The NMAC data base for the years 1973-1980 does not provide a

direct answer to the question of transponder equipage of
general aviation aircraft, which is of great importance to the
collision avoidance system (as well as to ATC automa-

tion). However, the new format introduced in 1981 includes
this information, so the data for the years 1981-1982 will be
used here, both "critical” and "potential” NMAC data in order

to augment the sample size. There were 146 of these incidents

in which at least one of the aircraft was an alr carrier on an

IFR flight plan. Although these reports designate whether an

aircraft is transponder equipped, they say nothing about Mode
C. However, one can look at the type of aircraft encountered
when the NMAC occurred and draw some inferences about the level
of Mode C equipage. Of 146 incidents, 75 percent were against

general aviation aircraft.

Using the 1981-1982 NMAC data, the type of GA aircraft involved
in an encounter with an air carrier IFR aircraft was obtained,
as well as whether the GA aircraft carried a transponder.

Table 3-2 shows this information. It is seen that 90 percent

of the GA aircraft involved in these incidents carried 3

transponders.

As both a reasonableness check of this data and as a way to

. AP _.*."a"

estimate Mode C equipage, the 1981 General Aviation avionics
survey (Reference 5) was consulted. Table 3-3 presents the

pertinent data. The levels of transponder equijage for all but
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TABLE 3-2 “
NMAC INCIDENTS WITH GA AIRCRAFT (1981, 1982) ;‘i
et
I | [ | o
[ | PERCENT OF NMAC | TRANSPONDER | el
I I WITH GA | EQUIPPED (PERCENT | e
| AIRCRAFT TYPE | AIRCRAFT THIS TYPE | OF TYPE) | A
| | | I -
| | | | -+
| Single Engine, Piston | | | _J
| 1-3 seats [ 14 | 63 I !
| 4+ seats I 47 | 90 |
| I | I "
| Twin Engine, Piston | I | N
|  1-6 seats I 13 [ 100 I o
| 7+ seats | 8 | 100 [ T
I I | I =
| Turboprop | 18 [ 100 | :f
[ | [ | ]
| I | I ]
II TOTAL ,I 100 I 90 I o
I | v
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TABLE 3-3 ’.4

. GENERAL AVIATION EQUIPAGE FOR 1981

-~
AR

.:,.: .'::'_
N 1 o
?-_1‘\ 'a_

MODE C | TRANSPONDER EQUIPPED 9
N AIRCRAFT TYPE (PERCENT OF TYPE) | (PERCENT OF TYPE) P
X ]
\d

!
|
|
|
]
Single Engine, Piston |
1-3 seats | 24
4+ seats % 34 83
I
|
|
|
|
|
|

Twin Engine, Piston
1-6 seats
7+ seats

82
82

97
90
92

Turboprop 96

— — — — — — — ——— —— —— — — ——
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the smallest class of aircraft compare favorably with those
given in Table 3-2. That 1s, the transponder equipage of those
alrcraft conflicting with an alr carrier is close to that of the
national GA fleet. The exception involving small single engine
aircraft may indicate that many of the unequipped, small

ailrcraft do not become involved in NMACs with air carrier IFR

alrcraft.

We will assume that the Mode C percentages in the GA fleet
(Table 3-3) apply to the GA aircraft involved in the NMACs. By
combining the equipage of all the types based upon the
percentage of each involved (even for the small aircraft), it
was determined that of the 90 percent of transponder equipped
general aviation aircraft involved in the NMACs, 56 percent of
these are Mode C equipped. Furthermore, assuming that all air

carrier and military alrcraft are Mode C equipped, and assuming
that "other"” aircraft involved are no better equipped than
general aviation aircraft, then an overall equipage level can be
estimated. The result is that 92 percent of all aircraft
involved in the NMACs are estimated to be transponder equipped,
66 percent of which are also Mode C equipped.

As a further check on these numbers, the data obtained by
measurement of the airborne traffic environment in the Los
Angeles basin was consulted (Reference 6). In that case, 85
percent of the aircraft were found to be transponder equipped,

68 percent of which were Mode (C.

Also, the airborne traffic observed over a 5 hour period by the
Mode S sensor near Philadelphia (Clementon) showed that 76
percent of the transponders were Mode C. This data sample was
taken under good visibility conditions when a substantial amount

of uncontrolled traffic was present.

3-8
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All of the above gives general substantiation of the figures

v
.l .l

obtained from the NMACs and GA avionics statistics -- 92 percent

transponder equipage, 66 percent of which are also Mode C (i.e.,

YL

61 percent of aircraft had Mode C transponders).
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3.1.5 Risk

Figure 3-2 shows the frequency of reported NMACs occurring for
each year from 1973 to 1980. The bottom of each bar indicates
those NMACs involving at least one air carrier aircraft. Recent
experience shows that about 22 air carrier aircraft are involved
in an NMAC each year (for air carriers operating on an IFR

flight plan, this figure is about 19).

Reference 4 shows that air carriers fly approximately

8 x 106 hours per year, for 1979 and 1980. Thus, this data
indicates that the risk of an air carrier aircraft encountering
an NMAC 1s about 2.8 x10™0 per hour of flight. (Reference 4
also indicates that an average flight is slightly more than one
hour. So the risk per flight is roughly equal to the risk per

hour.)

For various reasons, some incidents will not be reported. On
the other hand some ~f the encounters may have minimum
separations larger than 100 feet —- there is no precise way of
measuring the distance. Also, some few air carrier operations
are not conducted on IFR flight plan. Since our major interest
is for air carrier IFR operations, these factors place an
uncertainty on the true risk. A check of this value will be
made in later sections using other data. However, as noted
earlier, the exact level of risk, while of interest, 1s not a
key parameter in this study since we intend to evaluate directly
the relative Risk Ratio.
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3.2 TCAS Data from Piedmont Flights N
-
Data collected on the on-board TCAS recording system while the )

equipment was carried on normal Piedmont operational flights
provides another source which can be used to further
characterize the environment. Of course, this data was for an .
air carrier flying under IFR all the time. While these routes ;i
did not cover all possible cases ~- for example, Piedmont did "9
not fly transcontinental, nor did they land at small commuter -

alrports -- they were typical (see Reference 8).

In order to conserve recording resources, the TCAS recording

system was automatically turned on only when TCAS activity
occurred. This was accomplished by starting the recording
whenever the Traffic Advisory criteria were met, and stopping
the recording 10 seconds after the Traffic Advisory was

removed. Accordingly, the Piedmont data is present only when a
TA or RA is posted. Two distinct methods of data reduction were
used: the first analyzed only the inciting tracks -- those
tracks which caused the TA or RA —-; the second analyzed all
tracks that were in the track file during the time that the

recorder was energized.

3.2.1 Inciting Tracks

Whenever a TA or RA was posted, its track was examined for the
duration of the encounter, and various inferences were drawn
from this data (Reference 9). The key items obtained from this

investigation were:

° The altitude distribution of the RAs

) The relative altitude distribution at the closest

point of approach




The predicted altitude crossings when the TCAS

alrcraft was level

An estimate of the risk of encountering an NMAC

3.2.1.1 Altitude Distribution
Considering the sample size, the distribution in altitude of the

RAs is roughly similar to that of the NMACs previously reported;
57 percent occurred below 10,000 ft and one occurred as high as
30,000 ft.

3.2.1.2 Relative Altitude Distribution
If the tracks causing the RA are followed through until the

closest point of approach, and at that point the relative
altitude separation is noted, the data in Figure 3-3 is
obtained. While the sample size is relatively small, (21
points), this distribution appears to be fairly uniform to about
1400 ft, at which point it tapers off. To inquire further into

the distribution, the TAs were examfhed, these are shown in

Figure 3-4. Here, the sample size is larger (140 points). Two
characteristics of this data are notable: first, the
distribution below 700 feet, or so, is, indeed, relatively
uniform; and second, there is a pronounced peak at 1000 ft.
However, the peak in the TAs 18 caused by the normal IFR
separation, 1000 ft; the TA vertical threshold, provided other
conditions are satisfied, is 1200 feet.

The approximately uniform distribution could arise because
alrcraft actually are flying random altitudes (not too likely,
given the ATC system; and contradicted by the existence of the
peak in TAs at 1000 ft), or it could arise because frequent
altitude transitions occur. To test this hypothesis, an

3-12
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examination was made of the vertical rates at the time of the
TA. This is shown in Table 3-4, where it is seen that in only
25 percent of the encounters did both aircraft have a vertical
rate of less than 300 fpm. The result of vertical rates for
either aircraft is to spread out the relative altitudes at the
closest point of approach, as observed. The uniform
distribution phenomenon is an important result which will be

used in subsequent analysis.

Finally, it was noted that in only one instance (4.8 percent of
all RAs) was the vertical separation less than 100 ft.

3.2.1.3 Predicted Altitude Crossings for Level TCAS

The fraction of RAs for which the TCAS aircraft is level, and an
altitude crossing is predicted before the closest point of
approach, is an lmportant factor in the environment, as will be
discussed in Section 4.2. Since the number of RAs was small, we

examined the TAs for which such a crossing was predicted.

It was observed that when the TCAS alrcraft was level, 14
percent of all intruders were predicted to cross in altitude
between the posting of the Traffic Advisory and the closest
point of approach.

3.2.1.4 Risk
No NMACs were encountered during the 950 flight hours of the

Piedmont trials. However, RAs of some type did occur about once
every 40 hours. An estimate of the risk of encountering an NMAC
will be made using this alarm rate together with an estimate of
how often enountering aircraft might come within 100 ft
vertically and 500 ft horizontally.
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In Section 3.2.1.2 it was noted that 4.8 percent of the RAs
passed within 100 ft vertically at the closest point of
approach. In Appendix B, an estimate is made of the probability
that the two aircraft will come within 500 ft horizontally of )
each other, given that an RA has occurred. This estimate
assumes a uniform distribution of headings, and it makes use of
the recuvrded maximum closing velocity, which can be obtained
from the data. On an overall basis the estimate of the
probability of coming within 500 ft horizontally, given that an

R el dhictoatin sincitets s

RA is being generated, is .028. Assuming that the horizomntal
and vertical proximity probabilities are independent, the
resulting risk of an NMAC is 1/40 x .048 x .028 = 3.4 x 10
per hour. Section 3.1.5 also obtained an estimate of this

5

risk. After one more estimate 1s obtained, all three will be

combined.

3.2.2 All Tracks
In addition to the track causing the TA or RA, the recorder

maintains records of all tracks in view. This enables one to
develop a significantly larger data base than the 140 TAs. It
does, however, require a large amount of time and computer
resources to interpret and utilize this data. A sampling
approach was taken whereby an 80-second window was opened when
the recorder started. Only one window was permitted for each
TA. A new TA -- occurring minutes, hours, or days later ~--
opened a new window of data for analysis. Each track in the
window was sampled 5 times across its extent. (Many tracks
lasted for a much shorter time than the 80-second window; none
were used 1f they lasted less than 16 seconds.) The tracks were
then classified as being "level” (less than 480 fpm vertical
rate), “"constant rate", or "accelerating” (any change of 480 fpm
or more). The characteristics that are needed will be shown

later
3-17
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in Section 4.2. It was noted, however, that the fraction of
level tracks and the fraction of those that are projected to
cross in altitude are comparable with those of the inciting

tracks just discussed in Section 3.2.1.3.

3.3 TCAS Data From FAA Flights
Data collected from previous TCAS flight tests utilizing FAA

Technical Center aircraft were analyzed to determine the

following characteristics of the traffic environment:

) Distribution of horizontal and vertical separation at
Closest Point of Approach (CPA)

® Distribution of vertical rate estimates

) Frequency and type of vertical profile changes

° Probability of an NMAC

The data base for this analysis is ten flight tests conducted
between 19 August and 28 October, 1981. Air Traffic Control
Radar Beacon System (ATCRBS) surveillance messages were recorded
by the Dalmo Victor on-board flight recording system. Unlike
the Piedmont flights, this TCAS data recording was continuous,
with all tracks associated with targets within TCAS surveillance

being analyzed. There were 316,777 ATCRBS surveillance messages
Qﬁj and 7,748 unique ATCRBS tracks. Of these, 555 were tracks of
aircraft on the ground. The majority of these ground tracks

would not have caused alarm actions because of radar altimeter

ts s

*

filtering of threats on the ground (not implemented at the time

of the flights, however), so they were manually removed from the

- JJ

A,
>

g

"
<

-’

data base. To facilitate analysis, a subset of the data base

JAY
£
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was created which was composed of all tracks with at least 10
good Mode C reports. The total data base included 92,261 TCAS
cycles, equivalent to 25.6 hours of flight data. This flight

.

3
E
“d
-
Y
--.

T
o b

data contained 88 track hours of data suitable for analysis.

e
]

VAT )

Table 3-5 presents the statistics associated with each test
flight.

- g o
'.i.

"“

s
4

The majority of the flights were conducted at the FAA Technical

Center. These flight tests were performed to evaluate the

AL

command resolution logic of the Dalmo Victor TCAS System. A

TCAS equipped aircraft and an unequipped aircraft (altitude

L%

reporting transponder only) were used in these flight tests.

The intruder aircraft could perform as either an ATCRBS intruder Ed
K

or a Mode S intruder. (The October 16 flight test was performed C:;
e

primarily to evaluate the TCAS resolution logic between two TCAS ]
9

i
2

equipped aircraft.) Two test flights were performed in high
density airspace. Low approaches were flown at Chicago O'Hare
Airport, and 14 planned encounters were flown in the Washington,
D.C. area. Thirteen additional encounters would have been

observed at Chicago, if the "radar altimeter filter" had not

been applied. For all ten flights, 153 resolution encounters
occurred, using the TCAS logic of April 1982. Of the 153
resolution encounters, almost all were preplanned. The only

encounters of opportunity were five in Chicago, five in

Washington, D.C., and eight which occurred on the numerous

flights in the Atlantic City area. ;;m

The duration of tracks declared suitable for analysis was
obtained. The average duration was approximately 100 seconds. i!!
Pigure 3-5 presents the distribution of track durations. (Note -

the abscissa does ot have a constant scale.)
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FIGURE 3-5
HISTOGRAMS OF ATCRBS SURVEILLANCE TRACK DURATIONS
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< After identifying the tracks which were suitable for analysis, a
{; " technique was developed to obtain accurate vertical position and

.

';:} vertical rate estimates based on the entire track history. A
A

Sty seven point moving polynomial fit was ts3ed to provide smoothed
? -" \ -

o Sy position and rate estimates from the Mode C report history.

i

e This technique provided considerably more accurate information
el

o than could have been obtained using the results of the

,,: predictive altitude tracker in the TCAS surveillance system.
o{s The polynomial fit technique takes advantage of all subsequent
- reports associated with each track. Since the range information
'ili is not quantized as coarsely as the altitude, data from the TCAS
%3% range tracker 1s more accurate and was used without additional
M

N smoothing.

Al
ijiﬂ 3.3.1 Distribution of CPA Conditions and Aircraft Density

\::ﬁ Impact

o Figure 3-6 presents the cumulative distributions for the
p - horizontal separations at the closest point of approach (CPA)
N,

{:f for each of the three test locations. Up to a range of 2.6

" ]
‘:j} nautical miles, little difference in the distributions can be
T detected. Beyond this range, however, the density effects

,i, become apparent. The probability of horizontal separation being
:i:j less than 6 nautical miles in Chicago is more than twice the
:%:ﬂ probability in the Atlantic City area. The lack of a density
iy effect on the distributions for ranges less than 2.6 nautical
.\fg miles reflects the influence of the Air Traffic Control System.
::i: Figure 3-6 can be used to assign probabilities to hypothesized
o
ﬂt}j encounter range conditions for the System Safety study.
S
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In Figure 3-7, the cumulative probabilities of the vertical
separation at CPA are shown. Several points should be noted.
The density effect is apparent for all vertical separations.

The probability of an aircraft passing within 500 feet
vertically at CPA is almost twice as high in Chicago and
Washington, D.C., as it was at the FAA Technical Center. An
interesting point to be made is the comparison of the cumulative
probabilities at 1200 feet, the vertical threshold for proximity
advisories. More than 1/3 of all tracks in the Chicago area
satisfy this condition compared to less than 15 percent of
tracks in the Atlantic City area.

All three distributions shown are almost uniform up to about 900
feet vertical separation; the uniformity continues beyond 1400
feet for the more dense environments in Washington, D.C., and
Chicago. The results of a chi-squared goodness-of-fit test (5
percent level of significance) on the Chicago and Washington
distribution between zero and 1000 ft, support the hypothesis of
a uniform distribution. It was not meaningful to perform a
similar analysis on the data at the FAA Technical Center because
of the high incidence of planned encounters there. The results
of this analysis are consistent with those presented previously
in Section 3.2. The analysis of vertical and horizontal CPA
conditions indicates that, as the density increases, the
vertical separation distribution at CPA is affected more than
the horizontal separation distribution.

The assumption of independence of horizontal and vertical
separation components at CPA is strongly supported by
statistical tests. The correlation coefficient is .0177 for the

nonparametric Spearmai. rank-order statistic where 0 implies
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no correlation, +1 implies perfect positive correlation, and -1

[V AP SRR ISR & BRI J

implies perfect negative correlation. Several other tests were

made with equally strong rejection of dependence.

Secondary encounters as a result of aircraft responding to TCAS
RAs have not been observed on the Technical Center Test Flights
(25 hrs) or in simulations of TCAS in terminal environments (44
hrs) at the ATC simulation facility in Atlantic City.
Simulation of 2D logic at both Chicago (Reference 11) and

Knoxville (Reference 12) and simulation of vertical logic at 1
Knoxville (Reference 13) under IFR and VFR conditions resulted ]

in no secondary encounters.

3.3,2 Vertical Rates

The final information obtained on the entire track data base was

the distribution of vertical rates. The rate estimates were
obtained on a per scan basis and represent the time distribution
of vertical rates. Table 3-6 presents the vertical rate
distributions for each flight., A fairly consistent 60 percent
of the vertical rate estimates reflect level or nearly level
(0-300 fpm) aircraft. (This compares favorably with the 56
percent noted previously from the Piedmont data in Table 3-4.)
About 22 percent of the rate estimates fell in the 600 to 1500
feet per minute range. The highest observed climb rate was 4200
feet per minute. Descent rates in excess of 6000 feet per
minute were only observed during planned encounter scenarios.
The highest descent rate not associated with a planned scenario

was 2900 feet per minute.

3.3.3 Vertical Profile Changes
An important question is the probability of change in the

vertical profile of aircraft being tracked by TCAS. Using the
previously discussed polynomial fit of data, a method of
detecting changes in the vertical profile was developed. A

3-2+
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track or portion of a track was declared level when the maximum ‘o

vertical displacement in the tracked position did not exceed 150 i@
feet. A change in vertical profile was declared when the fi
variation in the error of the polynomial fit exceeded a :::

specified threshold.

-

Once a profile was declared, the track was split into track

sem o
e e
e's's’a

segments by the profile change. The three vertical profiles are

A
-'4‘

climb, level, and descend. Profile changes are classified in

“

Table 3-7 into one of four subpopulations; level to climb, level
to descend, climb to level, and descend to level. If a track
exhibited no profile change, it was classed as either level,

climbing, or descending.

Over 65 percent of the tracks exhibited no profile changes. The
remalning tracks exhibited one or more profile changes. If a
track exhibited a climb and then a descend, two profile changes
were declared; climb to level, and level to descend. A sequence
seen on the Chicago tape was a descent to about 2400 ft MSL,
followed by a level segment and then followed by another descend
segment. This represents ATC control procedures for aircraft
being vectored to the IIS final approach course at Chicago,
O'Hare. Almost twice as many profile changes involving a
descent portion occurred as compared with profile changes
involving a climb. This again, is a characteristic of the ATC
environment in the terminal area. Only 6 percent of the tracks

exhibited more than one profile change.

Even after the tracks are divided into segments by the profile
changes, the average track segment duration remained high. The

duration of level segments was 60.2 seconds, 46.9 seconds for
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NN TABLE 3-7
II' DISTRIBUTION OF VERTICAL PROFILE CHARACTERISTICS
(ALL TRACKS BELOW 10,000 FEET MSL)

FREQUENCY PERCENT
CLIMB 1
LEVEL 618 37.
DESCEND 302 1

CLIMB TO LEVEL
DESCEND TO LEVEL
LEVEL TO CLIMB
LEVEL TO DESCEND

102
183
92
164
1654
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descend segments and 50.2 seconds for climb segments. The
ninimum length segment was 11 seconds and the maximum length

was 484 seconds.

0f primary importance is the probability of profile changes
occuring within the time period the intruder may be selected
for threat resolution (approximately 40 seconds). Figures 3-8
and 3-9 present the probability of a profile change for a given
track length. To obtain the probability of a profile change
during a 10 second period, every track was divided into
10-second increments and the number of increments containing a
profile change was tallied. The procedure was repeated for 20
seconds, and so forth. Figure 3-8 indicates approximately one
track in 12 above 10,000 feet MSL would include a profile
change during a 40 second period. Similarly, about one track
in eight below 10,000 feet would contain a profile change
during a 40 second period.

Use of the preceding information for determining probability at
any instant in time of a potential vertical fake-out maneuver

is shown 1in Appendix C.

Examination of TCAS surveillance data indicates that the
probability of a profile change relative to the TCAS aircraft
is more dependent upon the flight environment than upon
proximity to the TCAS aircraft. For the Chicago and Atlantic
City test flights, the probablility of a profile change of a
tracked aircraft can be considered uniform in both range and
altitude. The dashed lines im Figures 3-10 and 3-1l are a
normalized probability which attempts to factor out the
increased areas of coverage, and therefore increasing number of

tracks, as range increases. The significant point discovered
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in this approach was the high probability at 2 nmi for a profile

change in the Washington environment. This is due to the

;\fJ arrival pattern, stop descents, and operational procedures

A SRS

ASS employed for the crossing runways at Washington. Although the
b?i} actual distribution of where profile changes occur change with

environment, it is reasonable to assume a uniform distribution
across both range and altitude for use in the fault tree
analysis since this is the most likely situation to be

encountered.

The peak accelerations during the profile changes were also
reviewed. Acceleration distributions were developed for each of
the four profile changes. The distributions are shown in

Figure 3~12. The modes of the positive g maneuvers, level to
climb, and descend to level, are higher than the modes of the
negative g maneuvers. This is expected. Point estimates for
critical values for each of the acceleration distributions are

shown in Table 3-8.

Results indicate that 3/4 of all accelerations are less than 1/5

g, with average accelerations slightly greater than 1/8 g. The

75th and 90th percentile points are larger for the positive g

LTI - PPN

maneuvers than for the negative g maneuvers. When all

.:I‘

accelerations are grouped together, 95 percent of the time the

2
magnitude is less than 12 feet/second (0.37g).

NS ST

3.3.4 Estimated Risk of Encountering an NMAC

The uniform altitude distribution can be used to estimate the

risk of encountering a critical NMAC, based on the Chicago data,

I s a0

which had no planned encounters. Figure 3-6 gave the

probability of a horizontal approach to within 0.2 nmi to be
.002. Although not shown on Figure 3-6, the data tabulation -
shows that probability to be .0005 within 0.1 nmi.
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< TABLE 3-8
ACCELERATION STATISTICS
A
-
i
‘4:".1
o) | ] T 1 I
Lt | |  AVERAGE | 75th PERCENTILE | 90th PERCENTILE |
- | TYPE OF ACCELERATION | (ft/sec?) | (ft/sec?) | (ft/sec?) |
'_\'._‘ | | ] | |
- [ T I o |
P | LEVEL TO CLIMB I 5.19 | 8.3 | 11.0 !
N | { | ! !
o~ | DESCEND TO LEVEL | 4.40 | 6.4 ! 8.6 |
* - ! | I | |
| LEVEL TO DESCEND | 4.00 | 5.6 | 8.2 !
oS I | I | |
NDN | CLIMB TO LEVEL | 4.72 | 6.0 l 8.5 I
! ] | ! I
e
|*:.'
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-
a
[ |
=
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Figure 3-7 shows the probability of a vertical separation of 100

Cay

ft or less to be ,031. Table 3-5 showed the total time in the
St: Chicago area to be 13,251 seconds (3.7 hr). The risk of

= encountering an NMAC is therefore: .0005 x .031 / 3.7 = 4.2 x
o 1078 per hour.

P =

;%{ This compares favorably with the values of 3.4 x lO-5 obtained
1:%; by using Piedmont data, and 2.8 x 10_6 obtained from the NMAC

. reports. Further, the operational experience of United Airlines
(Appendix M) is 5.1 x 10_6. A value of 1 x 10-5 per hour

- will be used throughout the remainder of this study.
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ANALYSIS OF PRINCIPAL LIMITATIONS TO TCAS

The TCAS system is a cooperative system in that information on
the intruder is obtained by interrogating its ATC transponder
and then predicting whether the next half-minute or so will
bring the aircraft too close. Such a system, as was pointed
out earlier, must consider some basic limitations; the
probabilities of these are evaluated independently in this
section for later inclusion in the fault tree. Other faults,
essentially mechanical failures, are evaluated in Section 5.
Later, in Section 7, the interaction of all elements of the
environment will be explored to arrive at an overall evaluation
of risk. The three principal limitations to be evaluated here
are: (1) the effect of aircraft without transponders
interacting with TCAS, (2) the effect of altimetry errors, and

(3) the effect of sudden maneuvers by the intruder.

4,1 Intruders Without Mode C Transponders

Section 3.1.4 estimated that 61 percent of the intruders
involved in an NMAC would have Mode C altitude reporting. This
represents the maximum benefit that the TCAS Resolution
Advisory could provide in today's environment. That is, at
best, 61 percent of the current NMACs could be avoided with

today's level of equipage.

It was noted, however, that a large fraction of the aircraft
involved in NMACs have transponders (92 percent), even if they
do not have Mode C. If the non-Mode C tracking feature were
available in TCAS, "altitude unknown" Traffic Advisories could
be provided. If the intruder is really on a near collision

course, this feature, patterned after the ATC practice of

announcing traffic of concern, should be helpful in alerting
the TCAS pilot.
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4.2 The Effect of Altimetry Errors
The susceptibility of TCAS to error in reported altimetry cam

be evaluated by analyzing, for “"proximate encounters” those
combinations of encounter geometry and altimetry error that
would produce a resolution advisory which, i1f followed, would
result in less than 100 ft vertical separation. The hazardous
situation (NMAC) will then exist i1f the aircraft are also in

close horizontal proximity.

4.2.1 Methodology

Some combinations of altimetry error and altitude separation

can render TCAS ineffective —- the NMAC will occur regardless.
Other combinations exist for which TCAS would degrade
separation, actually inducing an NMAC. Therefore, to have an
NMAC with TCAS one of two conditions must exist:

1. In the absence of TCAS, an NMAC would have occurred;

altimetry error renders TCAS ineffective.

2. In the absence of TCAS, a proximate encounter would
have occurred (close horizontally and greater than 100
ft vertically); altimetry error results in TCAS
generating an RA that produces an NMAC,

One can take a large enough region of vertical separation, say
1000 ft, determine the number of proximate encounters in terms
of the pre-existing NMAC encounters, and then find the fraction
of combinations of altimetry error and vertical separation for
these encounters that would result in an NMAC. (The value of
1000 ft is large enough to account for the anticipated

magnitudes of altimetry error and desired vertical separation.)

4-2




In Section 3, the vertical separation of aircraft at their

et

closest point of approach was determined -~ it is essentially a
uniform distribution. This characteristic behavior was
observed both on the Piedmont flights and on the FAA flights.

Based on that vertical distribution, we obtain the risk of a
proximate encounter by multiplying the number of NMACs by ten
(10 times 100 ft equals 1000 ft), as illustrated in Figure
4-1. (There is no change in the horizontal dimension.) Then
we can determine what fraction of those encounters would come
within 100 ft (an NMAC) because of TCAS altimetry errors. If
the error were zero, none would —- if the advisory were
followed, the objective separation of ALIM plus some margin
would be achieved.

The measure of comparison of the risk of encountering a
critical NMAC with TCAS to that without TCAS is called the Risk
Ratio. In this case, a non—-zero Risk Ratio 1s caused solely by

altimetry error. Later, other factors will be included.

Figure 4-2 shows the geometrical relations, at the time of the
start of the RA, that exist for a TCAS encounter in level
flight. As sketched, the intruder is projected to pass d ft
above the TCAS; however, the reported error, e, makes it appear
to TCAS that the apparent separation would be (d+e). If the
aircraft have linear vertical rates, the effect is essentially
the same as for level flight, except that d is the predicted

separation at the closest point of approach.

In ideal operation, with no altimetry error, the TCAS aircraft
would descend if d were positive and climb if it were

negative. The RA would stay posted until the true separation,

4-3
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d, increased to the parameter ALIM (plus some margin), at which
time the RA changes from corrective to preventive. The time
available for this maneuver is TAU seconds. In actual
operation the true separation, d, is not known, only the
apparent separation (d+e). The rules are the same as just

described, but the effect depends on the magnitude of the error.

To help understand and evaluate this effect, we plot the true
separation and the error as in Figure 4-3, the d-e plane. The
ordinate, d, is the actual vertical separation. On the left
side of the figure the distribution of d is shown as being
uniform, as was found in Section 3. The abscissa, e, is the
altimetry error. 1Its distribution, illustrated at the bottom
of the figure, is shown as Gaussian with a zero mean and a
standard deviation of sigma, the latter being evaluated as the
square root of the sum of the squares of own error, intruder
error, and tracking bias error. The approach will be to define
those regions which could lead to less than 100 ft separation
(an NMAC).

The lines shown on the d-e plane are of importance when
considering the relation between the actual encounter geometry
and the Resolution Advisory when it is first posted. The
horizontal lines at + ALIM are the nominal objectives for
separation that TCAS is intended to achieve. The vertical
lines at + ALIM indicate values of error in reported altitude
of this magnitude. The diagonal lines denote constant values
of apparent separation (before the TCAS ailrcraft starts a
corrective maneuver) as determined for various degrees of

erroneous altimetry.
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?f:' Figure 4-4 is a repeat of the previous figure, but with some

;.'4 additional regions identified. The two horizontal lines at

:;2‘ d = + 100 ft define the extent of NMACs without TCAS -- the

S alrcraft come within 100 ft and the altimetry error is not a

j;i factor.

3“;” In the shaded areas, the error is in the direction opposite to ]
5;}2 the separation and of a larger magnitude, so that an intruder E
éi{f actually above the TCAS will appear below, and vice versa. j
:“.' That is, e is less than -d for d greater than O, and e is i
_:j greater than ~d for d less than 0. Advisories occurring in :
;\j these regions provide a "wrong way" direction, which may or may )
tt; not lead to an NMAC, as will be shown. In unshaded areas

between the diagonal lines the error is in the same direction
as the separation, and so has no effect on the fault mechanisms

of TCAS. Outside of the diagonal lines positive (corrective)

[s
RN

advisories are not generated since the reported separation

(d+e) appears larger than ALIM.

“ {d
-
et St et o don abtite il snd

b 4.2.2 Preliminary Analysis
The effects of altimetry error on TCAS can now be illustrated.

A Figure 4-5a shows the cross hatched regions where the error is

5‘: such that, 1f an NMAC were to occur, it would not be resolved.

:?i Outside of the diagonal lines the error is so great that, even

Eﬁz though the true separation (d) is within 100 ft (an NMAC
without TCAS), the apparent separation (d+e) is greater than

}i; ALIM, so no corrective RA is given. Inside the diagonal lines,

Ei;i the apparent separation is within ALIM and a corrective RA is

_?k; given, but 1t will be prematurely removed before d exceeds 100

;;,. ft. The unshaded regions between d = +100 ft are where TCAS

.j:ﬁ does resolve NMACs, as intended.

Sty

o3 4-8

e

A

v

~ie

. . . . e e w e e e e - .
¥ T T e e AT A T AT A T AT N L L e e T e e e
DN NI P AN Y, ;’-‘ L T N R A Syl Y s VYA




- 7

)

Iy

4

b O it

T
-

AR Ad il AL &t E RO AT A A i i

N Ay

A6 08

oW, L,

el Aen A i

S A e I

(Apparent Separation)

ALIM

(d+e) = O

ALIA

d (Actual)

HITTV

SVOL 3noy3tm
SOVAN JO juaixa

e (error)?

+100 fr )
-100 £t J

Mg

2

=ALIM

FIGURE 4-4
REGIONS OF “WRONG-WAY’’ ADVISORICS

ey

4-9

I

b d

WP .

P

PSR

o,
wad

P I A By |

Aol




- AP g S Sar i Jat ot St S A Rt T Chu A SRS P e ) G s e WAL el ‘v""»q‘r. DRGSR R it o A S |

DA AR IR M T AFUIMCRIU AT A S A Rty G A ey S S e A Road Ah "
."..
LJ

\ . +100

750 WA

/ N/
N

N\

(a) Regions Where TCAS Fails to Resolve a Critical NMAC

=200 ft Clear Region Action

(1) RA stays on until true
separation exceeds 100 ft

(2) I % (2) RA removed before true
S separation reduced to 100 ft.
X4
AN ¢ 100
® \
'
Z e
%
®
XN < -100
\"C(\ ¢))
%
(2)

(b) Regions Where TCAS Would Induce a Critical NMAC

[

FIGURE 4-5
REGIONS OF ALTIMETRY FAILURE
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The more serious concern, that of TCAS inducing an NMAC, is

illustrated by the shaded regions in Figure 4-5b., For these

regions, the intruder appears to be in the opposite direction

G R

of his true separation, which originally was greater than 100<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>